Device-to-Device (D2D) communication is a technology component for long-term evolution-advanced (LTE-A). In D2D communication, users in close proximity to each other can communicate directly without going through a base station; such direct communication can improve spectral efficiency. Although D2D communication brings improvement in spectral efficiency, it also causes interference to the cellular network as a result of spectrum sharing. In particularly, D2D communication can generate interference for each D2D pair when the common wireless medium in a co-located limited area is accessed. Even though the interference management for between the D2D pair and cellular networks has been proposed, the interference reducing methods have still not been fully studied for the D2D pairs. In this paper, we investigate the problem of D2D pair coexistence in which interference is considered between D2D pairs. Using a signal to interference model for a target D2D pair, we provide an analysis of the aggregated throughput of a dense D2D network. For a target D2D pair, we assume that the desired signal and interference signals obey multipath fading and shadow fading. Through analysis, we demonstrate the effect of cluster size such as the number of D2D pairs and the size of the considered area on the network performance. The analytical results are compared with computer simulations. Our work can be used for a rough guideline for controlling the system throughput in a dense D2D network environment.
Introduction
Device-to-device (D2D) communication underlaying the cellular network has recently attracted a lot of attention in long-term evolution standardization. Transmission in a D2D pair occurs using one direct wireless link, whereas a conventional cellular uses two wireless links in which the base station (BS) is operated as the relay. Hence, by using D2D communication, the BS can be released from its function to forward data and thus improve spectral efficiency. The spectral efficiency is especially improved when multiple D2D links are able to operate simultaneously, using the same resources. The spectral efficiency is also improved by actively exploiting spatial diversity; devices in proximity of each other giving the opportunity to communicate directly and thus possibly to transmit their data with a lower signal power [1] . D2D use cases can be classified into peer-to-peer and relay types [2] . For the peer-to-peer case, D2D communications can be used to provide local data service when two geographically proximate users or devices want to exchange data, e.g., in the case of content sharing or context-aware applications. In relay cases, one of the communicating D2D devices has to relay the exchanged information to the BS which further forwards the data to the destination device.
Although D2D communication brings improvement in spectral efficiency and system capacity, since D2D communication occurs under the umbrella of a cellular network, in which D2D sessions take place in the same frequency band as the cellular communication, the interference caused by D2D links on the cellular communication must be contained. Additionally, D2D links also interfere with each other. Thus, interference management is one of the most critical issues for D2Ds underlaying cellular networks.
There are several devices which work to reduce the interference between D2D pairs and cellular networks. In [3] , [4] and [5] restricting the transmit power schemes have been suggested to coordinate interference between D2D users and cellular users. Furthermore, a fixed booster factor and a back off factor have been proposed in [6] to dynamically control D2D power levels and limit D2D interference. In [7] and [8] , authors proposed a resource allocation scheme in which a D2D link can reuse the resources for more than one cellular UE. In addition, a joint subcarrier and power allocation method using the spectrum sensing technique have been proposed in [9] to improve the spectrum efficiency. Even though the interference management for between D2D pair and cellular networks was proposed, the interference reducing methods have still not been fully studied for between D2D pairs. Because of an absence of coordination between independent D2D pairs when accessing a wireless medium, devices will encounter high interference if several D2D pairs are simultaneously operating in crowded places, such as airports, international conferences, and shopping malls, where potential D2D users are located close to each other. Therefore, the study of interference gains importance because interference affects the throughput of a dense D2D network.
In order to illustrate this in detail, suppose that there are several D2D pairs that need to communicate privately within the same region, as shown in Fig. 1 . In this scenario, because many D2D pairs exist densely, the pairs cause severe interference problems for D2D pair communication. The main contribution of this work is the derivation of an analytical model to obtain the maximum aggregated throughput of a dense D2D network deployed within the same region. In particular, this paper evaluates the outage probability and throughput by considering the modulation and coding scheme (MCS) based on the computation of the sum of multiple small scale fading and large scale fading components. We use this analysis to develop system guidelines, and demonstrate the accuracy of the analytic model through a comparison with computer simulations. The rest of this paper is organized as follows. Section 2 introduces the D2D pair network system model. The analytical model is presented in Section 3. In Section 4, numerical studies are discussed. Finally, concluding remarks are presented in Section 5.
System Model
Let us consider a limited circular region interference scenario that involves co-located D2D pairs. We assume that the interference between the cellular network and the D2D pair is managed efficiently using location-based, D2D mode selecting mechanisms [10] . Hence, we focus only on the interference caused by the coexistence of D2D pairs. In this scenario, D2D pairs are assumed to be uniformly distributed in a circular region of radius R from the target D2D receiver and organized in N D2D pairs with maximum radius D R , as shown in Fig. 1 . To analyze the performance of a dense D2D network, we define the aggregated throughput of a dense D2D network, denoted by T D , as
where i D
T is the throughput of the D2D pair i conveyed to the D2D receiver in each of the N D2D pairs deployed in the region.
Let us assume that the most interfered D2D pair of our scenario is the central pair, given the assumption we made on the distribution of D2D pairs, where the most interfered D2D pair has index 1. Therefore, we can define a lower bound on the aggregated throughput of a dense D2D network, T bound , as
Under the considered scenario, the signal received at the target D2D receiver is
where s M and h are the channel coefficient of the target D2D pair link and that of the target D2D receiver-interfering D2D transmitter i link; we assume that all channel coefficients follow a multipath fading that is fast, and the amplitude can be modeled by the Rician and Rayleigh distributions [11] .
In the considered scenario, mostly there is a line-of-sight path for the desired signal of a target D2D pair communication. The fast component can then be modeled by a Rician distribution where the probability density function (PDF) is given by
Here, x is the signal amplitude, mp p' is the power of the scattered signal, s p is the peak value of the directly received signal,    0 I is the modified Bessel function of the first kind and zeroth order [12] , and K is the Rician factor, which depends on the ratio of the signal power from the dominant signal path relative to that of the scattered signal, and mp p is the local mean power by path-loss and the shadowing effect. For Eq. (4), when a direct signal does not exist, i.e., s p = 0 (K = 0 and mp p = mp p' ), it become the Rayleigh distribution, where the PDF is given by
Analytical Modeling
In order to evaluate a lower bound on the aggregated throughput of a dense D2D network, let us focus our attention on the throughput of the target D2D pair, 1 D T , performed by the desired signal power of the target D2D pair, the sum of the interfering signals power of i interfering D2D transmitters in the same channel and the noise power as
where Pr[i] is the probability that i interfering D2D pairs use the same channel that is assigned to the target D2D pair, F(z 0 |i) is the conditional probability that the desired signal power of the target D2D pair, P d to the sum of the interfering signal powers by i interfering D2D transmitters, P i and the noise power, P n ratio is less than a predefined threshold value, z 0 , as follows:
In general, -174dBm/Hz is used as the noise power spectral density for P n . Thus, when this condition is considered in the system parameters, we approximate P i + P n ≈ P i and then Eq. (7) can be expressed as
In the last term of Eq. (6), M L represents the bits per symbol according to the modulation and coding scheme (MCS) level, as a predefined threshold value, z 0 . In our study, for the desired signal, the Rician distribution as a multipath fading effect is considered. For the cases of an interfering signal, we consider the two cases in which the multipath fading effect is described by the Rician and Rayleigh distributions. In Eqs. (6) and (8), Pr[i] and F(z 0 |i) will be derived in the following sections. The performances of the analytic models considering Eq. (8) will be compared with the results of simulation considering the varying noise power spectral densities.
Modeling of Channel Interference Probability
As mentioned in the previous scenario, the analysis model consists of a target D2D pair and N-1 interfering D2D pairs. For given N-1 interfering D2D pairs, the probability of i D2D pairs using the same channel that is used by the target D2D pair, Pr[i], is approximated with N-1 independent Bernoulli trials as
Here,  is the probability that a co-channel is assigned to the target D2D pair and the interfering D2D pair.
Signal to Interference Ratio (SIR)
At first, let the signals of all D2D pairs obey the Rician fading effect. From Eq. (4), the PDF for the instantaneous desired signal power p of a target D2D pair is given by using p = (1/2)x 
where s a is the peak value of the directly received interfering signal a, and I i-1 is the modified (i-1)th-order Bessel function of the first kind. From Eqs. (10) and (11), 1 D T is derived in Appendix A as follows
where [14] .
Secondly, let the signal of a target D2D pair obey a Rician distribution and the interfering signal of interfering D2D pairs obey a Rayleigh distribution. When K = 0 for Eq. (11), the PDF of the sum of the interference signal powers by i interfering D2D pairs is given as
From Eqs. (10) and (13), we obtain the throughput
for Eq. (6) as follows: (14) is derived in Appendix B. 
Numerical Studies
From the previous section, we obtained the analytic models of the two cases for the interfering D2D pair signals in which channel coefficients for interfering signal links, follow Rician fading and Rayleigh fading. In this section, we investigate the operating conditions of D2D pairs, such as a lower bound on the aggregated throughput of a dense D2D. The performances of the analytic models are compared with the simulation results by using the Monte Carlo simulation method. The system parameters for simulation and analysis are set as shown in Table 1 . In addition, M L according to z 0 (= SINR) is shown in Table 2 [15] . . In addition, each outage probability is obtained from Eq. (8), when z 0 < 1dB. We can observe that the results of the mathematical analysis agree reasonably well with those of the simulations. For an approximation of Eq. (8), we can see that the effect of the interference power is stronger than the noise power for the system performance, when the noise power spectral density is -174dBm/Hz, while this approximation is not suitable for the condition with the large noise power spectral density as shown in Fig. 7 of Appendix C.
We can also observe that as N and  increase, the outage probability increases. Lastly, when D2D pairs use the channel set fined by cognitive technique proposed in [9] is applied, we can see that  lies in between 1/50 and 1/30. pair randomly selects only one channel among 50 channels in a long-term-evolution (LTE)-advanced cellular system with a 10 MHz channel bandwidth [16] . We also let M L = 0.88 bits/symbol, and K = 0.7, according to z 0 = 1dB, respectively. From the figure, we can observe that the outage probability increases as N increases and R/D R decreases. As expected from the results of the outage probability, the throughput increases as the ratio R/D R increases. Through these results, we can obtain N = 49, 50, and 73, when R/D R = 3, 4, and 5, respectively, to maximize T bound . , respectively, to maximize T bound . As can be observed from the results in the graphs, variation in the density of D2D pairs has a significant impact on coexistence, especially when the density of D2D pairs becomes large.
Conclusion
In this paper, we introduce the problem of the coexistence of D2D pairs deployed in the same region. In addition, we derive an analytical model of the outage probability and aggregated throughput, considering propagation aspects with shadow fading and multipath fading effects. The majority of our analytical results show good agreement with the simulations in some conditions. The results show that the outage probability of a target D2D pair increases as the ratio R/D R decreases, and the number of interfering D2D pairs increases, whereas the aggregated throughput of a dense D2D network increases as R/D R decreases, and the number of interfering D2D pairs increases. , and the noise power spectral density is -29dBm. In addition, each outage probability is obtained from Eq. (8), when z 0 < 1dB. We can observe that the results of the mathematical analysis do not agree with those of the simulations. It shows that in some conditions, in which the noise power spectral density is high, P i + P n ≈ P i is not suitable.
